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PURPOSE
As technology has increasingly replaced physically-active labor and activity over 
the past century, sedentary lifestyles have become predominant in American society.1 
While this trend is pervasive, the changes in the environment to accommodate and 
enhance automobile travel have had a singular effect in shifting patterns of physical 
activity, obviating the ‘need’ for utilitarian transportation. Attempts to integrate the 
automobile into the urban environment have caused a massive reshaping of the urban 
form, generally to the detriment of the active transport infrastructure. This societal shift 
has marginalized physical-activity as a primarily sequestered recreational pursuit, 
performed on and within dedicated recreational facilities.
 While, to achieve health benefits, the consensus opinion is that we should 
pursue physical activity at least 30 minutes each day, only 25% of Americans do, and 
moreover, 25% of Americans are completely sedentary.2 Approximately 250,000 
American deaths each year result from inadequate physical activity.3 A higher population 
prevalence of obesity and high blood pressure is associated with physical inactivity. 
While such morbidity and mortality clearly necessitate intervention, the unclear 
effectiveness of individual counseling as a mechanism to influence physical activity 
behavior4 has spurred greater interest in community behavior modification, particularly 
as the direct costs from medical treatment of obesity have exceeded $76 billion.5 Yet 
community-based health information campaigns have shown that they have limitations 
as well.6 As a result, research has increasingly examined the effects of a broad range of 
environmental influences affecting physical activity behavior.
The manner in which the environment influences physical activity behavior 
depends on the definitions of both physical activity and environment. While 
neighborhood characteristics can influence a broad array of physically-active behaviors, 
this paper focuses on walking. The literature suggests that walking behavior may be 
more plastic with regard to environmental context than other physical activity behavior.7 
Walking is also a multipurpose behavior that can be pursued for both utilitarian ends (for 
transportation) and recreational ends.8 Both purposes have potential value from a 
health-promotion perspective. Thus a single decision to walk may be pursued for 
utilitarian, recreation, or health-promotional purposes; more likely, an individual’s walking 
behavior may embody a combination of some or all of these motivations. A single 
individual makes a decision to walk based on their particular perceptions of the value of 
these elements, as delineated by the theory of planned behavior9 within a framework of 
utility-maximization. Thus, although these behaviors are all “walking”, their costs and 
benefits are perceived differently at the intrapersonal level, and are therefore 
differentially-influenced by socio-environmental, micro-environmental, meso-
environmental (neighborhood), and regional environmental factors. For instance, 
previous literature has demonstrated socioeconomic differences in utilitarian versus 
recreational walking behavior.10 
Utilitarian walking, as a form of transportation, has traditionally been better 
defined and studied within the urban planning literature, which has focused on 
transportation as a derived demand for access to goods and services; the choice to 
pursue physical activity within this framework must be the utility-maximizing choice 
amongst the available travel modes.11 This suggests that measures of accessibility to 
destinations and the costs associated with poor quality or inefficient infrastructure may 
predominate in behavioral decision-making. However, it is not clear that walking, even 
for transportation, is a derived demand12; there is a range of positive benefits from the 
pursuit of walking for utilitarian purposes, including aesthetic exposure, the positive 
experience of physical activity, and potentially, social connectivity. But the decision to 
pursue utilitarian walking may be influenced by factors such as the availability of travel 
mode; some utilitarian trips may not be ‘trips-of-choice’. 
Walking for exercise has been the primary focus of study within the public health 
literature. The premise that environments influence health-promoting behavior, such as 
exercise, is a basic principle underlying the socio-ecological construct of public health.13 
The socio-ecologic model emphasizes the multilevel dimensions of physical activity 
determinants, which include individual, interpersonal, organizational, neighborhood, and 
public policy or societal factors and the reciprocal relationships between these factors. 
The public health investigators have researched physical activity and environments 
within a more normative framework than the traditional urban planning literature, seeking 
environmental correlates for higher, health-promoting physical activity levels.
The overall field of active living research continues to seek a more standardized 
way to characterize the physical environment. This includes an overarching issue of 
scale; research has examined regional or city/MSA-level environments, but the majority 
of research increasingly focuses on the neighborhood environment14, as it appears that 
the neighborhood environment is the most relevant scale for factors which modify 
walking behavior.15 Defining neighborhoods, however, remains problematic; while 0.25 
mile, 0.5 mile, and 1 mile radii are often assessed, we do not know  if  there is a ‘most-
relevant’ neighborhood radius, or if that size varies by or within region.
Elements of the ‘built environment’ that are hypothesized to modify walking 
behavior are classified along several domains. Urban planners tend to subdivide the 
conception of the neighborhood built environment into dimensions of  density/intensity, 
land use mix, transportation connectivity, street scale, and aesthetics. The urban 
planning literature has broadly classified high-density, diverse, connected, human-scale, 
and aesthetically-pleasing environments as “pedestrian friendly” – i.e. conducive to 
walking.16  To a great extent, ongoing urban planning research has taken a 
deconstructive approach, developing an empirical assessment of the joint elements of 
‘place’ developed by urban theorists such as Jane Jacobs, Lewis Mumford, and Kevin 
Lynch and performing comparative neighborhood mode-choice assessments. Lacking an 
existing urban conceptual framework, earlier public health literature was based primarily 
on a much broader range of  self-reported characteristics assessing exercise facilities 
and neighborhood impediments17 (i.e. traffic, weather, hills), that served as more of a 
‘shotgun’ assessment of what might constitute a relevant neighborhood environment.
Increasingly, these environmental concepts and methods have begun to 
converge to identify elements of neighborhoods which are associated with walking. 
Characteristics of cities and neighborhoods associated with more walking include land 
use diversity18 and elements of  transportation such as street network, connectivity, block 
size, which have been demonstrated at both the aggregate19 and individual level.20. The 
significance of bike paths and sidewalks21, access to transit22. and employment/
population density23 to neighborhood walking has been demonstrated in the  literature. 
Presence of traffic has shown variable associations with physical activity24 while busy 
streets that function as barriers to physical activity infrastructure are associated with less 
physical activity or had no effect on physical activity.25 Neighborhood noise is postulated 
to be an environmental stressor26 that would deter walking.
Within a broader policy context, the pursuit of  competing societal goals often 
results in neighborhoods that continue to have high traffic volumes, poor street and 
sidewalk connectivity, a lack of  bicycle routes, and a circuitous street network that may 
limit access to destinations. A lack of  access to local public transportation limits the 
ability to chain pedestrian trips. Heavy traffic, traffic noise and a history of  local vehicular 
crashes may deter pedestrians. These ‘functional’ and ‘safety aspects of the 
environment, as defined by Frank, Engleke, et al 27  can contribute, at least in part, to 
limitations in the individual pursuit of physical activity by residents of  such 
neighborhoods.28
 Following Humpel and Leslie29, Handy et al30 , Frank and Engelke31, and 
Patterson, et al32, this study intended to investigate several neighborhood environmental 
variables related to individual use of  transportation infrastructure for their relationship 
with physical activity. This paper is based on data which contains assessments of both 
utilitarian and recreational walking, providing an opportunity to study the differential 
effects of built environment characteristics in disparate motivational settings. 
  We also intended to study the effect of the transportation infrastructure on 
objectively-measured obesity, and blood pressure, based on the well-established role of 
physical activity as a mediator of these health outcomes. Empirical evidence linking the 
built environment and transportation behavior with obesity has been established, 
particularly for land use mix33and greater automobile travel.34
Empirical evidence linking the built environment with blood pressure is more 
limited and mixed. Small, statistically-significant associations have been demonstrated at 
the aggregate level in some studies35, but found to not be statistically significant in 
others.36 
Our study intended to investigate whether perceived (self-reported) and 
objectively measured (using geographic information systems or GIS and standardized 
assessment protocols37) features of  the transportation environment are related to 
walking, BMI, and hypertension, in sample data from the Multi-Ethnic Study of 
Atherosclerosis (MESA), a large multi-center, prospective-cohort study implemented by 
the National Heart, Lung, and Blood Institute (NHLBI) to study the progression of  clinical 
and subclinical atherosclerosis. By assessing individual-level data for a large, multi-
ethnic sample, we hoped to elucidate the relationship between individual-level health 
outcomes and the individual-level residential transportation environment for a diverse 
population, an area thus far understudied in the literature38 and a population that may 
have more limited access to opportunities for physical activity.39  We also hoped to 
strengthen the evidence base assessing the relative importance of perceived versus 
objective environmental variables.40 Our study also attempted to provide the first large-
scale assessment of  the relationship between objective and subjective environmental 
characteristics and individual blood pressure in a diverse population.
 Based upon the previous literature, we expected that the presence of 
neighborhood pedestrian infrastructure, a denser, more highly connected roadway 
network, shorter distance to transit, and a greater distance from automobile-only (limited 
access roads) and highways will constitute a supportive infrastructure for both utilitarian 
and exercise walking. Perceptions of more traffic, more neighborhood noise, and higher 
(measured) crashes in the neighborhood were expected to deter walking based on both 
a likely more objectively pedestrian-hostile environment as well the effect of a perceived 
threat to safety on the decision to walk.
 As both obesity, here measured as body mass index (BMI), and blood pressure 
are modulated by exercise, we expected correlations between higher levels of walking 
and lower levels of  both BMI and blood pressure. We thus expected lower levels of  BMI 




This was a cross-sectional study, utilizing combined data from the baseline and second 
visits of the Multi-Ethnic Study of Atherosclerosis (MESA) in combination with 
environmental measures for the participants’ neighborhoods derived using a geographic 
information system (GIS.) The combination of GIS and MESA neighborhood explanatory 
variables was intended to give a more complete assessment of neighborhood 
characteristics than would have been available in either data source alone. 
Sample
 MESA recruited a diverse, population-based sample of  6,814 men and women aged 
45-84 which was intended to be approximately 40 percent white, 30 percent African-
American, 20 percent Hispanic, and 10 percent Asian, predominantly of Chinese 
descent. The study population was recruited from six Field Centers located in New  York 
City (Columbia University), Baltimore (Johns Hopkins University), Chicago 
(Northwestern University), Minneapolis (University of Minnesota), Forsyth County, NC 
(Wake Forest University), and Los Angeles (UCLA). While MESA is an ongoing cohort, 
data utilized in this study were collected at clinic visits one (all demographic data, 
objective data, and the Neighborhood Questionnaire) and two (the Neighborhood Activity 
Questionnaire). 
 Of  the 6814 eligible participants included in the MESA dataset, GIS data were 
available for 6001. All cases with missing data for variables to be included in the 
analysis, as well as those cases who moved their place of  residence between visits one 
and two were dropped from the analysis, leaving 5547 cases.
Measures
 The MESA data contain several variables characterizing the neighborhood 
transportation environment which were obtained through two questionnaires: the 
Neighborhood Questionnaire (NQ) and the Neighborhood Activity Questionnaire (NAQ). 
Variables utilized directly from the NAQ included dichotomous variables characterizing 
the presence or absence of sidewalks and bicycle paths in the participants’ 
neighborhood environment. Participants were also asked to rate the significance of 
several potential neighborhood problems on both questionnaires. For noise and traffic 
respectively, we created combined measures by averaging the 4-level scale from the NQ 
with the 5-level scale from the NAQ to create individual 4-level variables. The resulting 
4-level variables were collapsed into dichotomous variables to reflect perceived 
excessive noise or perceived excessive traffic in the participant’s neighborhood. 
 ArcView  9.1, ArcView  3.3, and the accompanying Network Analyst extension (ESRI, 
Inc. Redlands, CA) were utilized to derive variables describing the transportation 
environment within a 0.25 mile straight-line radius from each participant’s residence. 
Measures described in the Twin Cities Walking Study were used as the basis for the 
derived measures, including measures of roadway network density and classification, 
connectivity, crashes, and distance to transit.41 While previous studies have used several 
different buffer distances, our choice to analyze only the 0.25 mile buffer is based upon 
the theory that neighborhood characteristics most proximate to the participant’s 
household are most relevant in determining network access and impedance. 
Characteristics of the GIS-derived variables are summarized in Table one.
 Because of the positive skew  and previously reported inaccuracy of self-reported 
measures of walking, Utilitarian walking and exercise walking were divided into tertiles. 
Body mass index was reported in the original dataset as a continuous variable. Blood 
pressure was reported in the original dataset as a 6-level ordinal variable that reflected 
measured blood pressure categorized by JNC VI stage. Because of the difficulty of 
interpretation of analysis of  this variable as reported, the data were dichotomized as 
either normotensive (systolic BP <120 and diastolic BP <80) or hypertensive (BP 
elevated in either or both systolic and diastolic measurements). 
All dependent and independent variables are summarized in Table 5.
Table 1: GIS derived variables.
Category Measure Description
Road design Connectivity Area of polygon created by traveling 0.25 miles




Ratio of polygon area created in Connectivity 
measure to area of straight-line 0.25 radius circle.
Length of roads (total and by class) in 0.25 mi 
buffer 
Safety Road type proximity Straight-line distance to roads by class
Road type ratio Ratio of roads by class to all roads in buffer. 
Crashes Crash rate (per 1000 residents) within 0.25 mile 
buffer
Transit access Distance to transit Straight-line distance to nearest bus line or 
commuter rail line. 
Road Classes: A1=Freeway, A2=US Highways (not Limited Access), A3=State and Local 
Highways/Secondary Roads, A63=on-ramp
Analysis
All data analysis was performed using Intercooled Stata 8.2 for Macintosh (Statacorp, 
Inc., Irving, TX.) The dependent variables in the analyses were: 1) Minutes Walked per 
Week (self-report) for utilitarian purposes, in tertiles, 2) Minutes walked per week for 
exercise (self-report), in tertiles, 3) Body mass index (measured), and 4) Measured 
normal blood pressure vs. elevated. All models were adjusted for available demographic 
characteristics of the sample: gender, ethnicity, income, age, and education. Site was 
not included in any analyses.
Descriptive Statistics; Objective-Subjective Correlation
Demographic and dependent variables were described (mean, median, range) by site. 
Dependent variables characteristics were described for demographics variables.
Logistic regression models were created for the subjective “noise is a problem in my 
neighborhood” and “traffic is a problem in my neighborhood” variables respectively. 
Distance from limited-access highways, non-limited access highways, major roads, and 
interchanges were placed in each model as dependent variables to assess correlation 
between subjective and objective variables.
Dependent variable causal pathway
Preliminary adjusted models were created to confirm associations between each of  the 
subjective walking variables, blood pressure, and body mass index. One model was 
created for each dependent variable, wherein the other 3 dependent variables were 
included in each model as independent variables. Generalized ordered logistic 
regression models were created for utilitarian and exercise walking, OLS regression for 
BMI, and logistic regression for blood pressure.
Utilitarian Walking and Exercise Walking
The utilitarian walking and exercise walking dependent variables were analyzed using 
generalized ordered logistic regression models that would fit proportional odds models 
across the two tertile cut-points if  the data did not violate the Wald test for proportional 
odds, and disparate odds ratios if the data did violate the Wald test. We used these 
models because of  the ordered nature of the physical activity data, and we hypothesized 
that environmental variables may have a disparate impact on heavier vs. lighter walkers. 
Because there may be greater health benefits for individuals who move from low  levels 
of walking to moderate levels of  walking than moderate levels of walking to higher 
levels42 assessing the presence of a differential effect was relevant.
Odds ratios were generated from these models that illustrate the odds of  being in the 
higher group (high vs. medium or medium vs. low) given a unit change in the 
explanatory variable. 
Body Mass Index
Body Mass Index was analyzed as a continuous variable using ordinary least-squares 
regression, as the outcome of interest was increment or decrement in BMI given 
presence or absence of  neighborhood characteristics. This generated coefficients that 
demonstrate the increment or decrement in BMI given a unit change in an explanatory 
variable.
Blood Pressure.
Blood pressure was analyzed using a logistic regression model to determine presence or 
absence of hypertension given the explanatory variables. Odds ratios were generated to 
convey the odds of hypertension for each iteration of an explanatory variable.
Subgroup Analyses
Distance (meters) to bus data were only available for Minneapolis, Chicago, and 
Winston-Salem. Distance to rail (Chicago Transit Authority and METRA lines) data were 
only available for Chicago. Crash data were only available for Winston-Salem and 
Chicago. Subgroup analyses of  Minneapolis, Chicago, and Winston-Salem were 
performed using all available data for those sites for each dependent variable noted 
above.
Final Models
Each final model for the four primary dependent variables and the subgroup analyses 
was constructed by first separately building models for MESA explanatory variables and 
GIS explanatory variables. Significant variables from these preliminary models were 
combined into a single explanatory model. Non-significant explanatory variables were 
dropped from the model based upon insignificant (p > 0.05) individual z-scores and 
likelihood ratio tests to test for significant differences between model estimates. 
RESULTS
Descriptive Statistics; Subjective/Objective Correlation
Demographic characteristics of the sample by site, as well as descriptive statistics by 
site are summarized in Table 6. While the sample was ethnically diverse, per the goals of 
MESA recruitment, there was a great deal of ethnic variation by site; 40% of  the overall 
sample noted as white. The median age was 61 years of age, and 48.5 % of participants 
earning less than $40,000 per year. 61% of the sample had some post-high school 
education, but educational attainment and income varied considerably by site, while age, 
gender, and outcome variables were similar.
Table 7 summarizes the outcome variables by demographic characteristics. As 
expected, Body Mass Index decreases with age, and blood pressure increases with age. 
Utilitarian walking decreased with age, while exercise walking increased. Women tended 
to pursue more utilitarian walking, while exercise walking was similar between genders.
BMI was lowest among Asian participants, and highest among African-American 
participants. Latino and Asian participants pursued the least utilitarian walking and Asian 
participants also pursued the least exercise walking.  White participants had the lowest 
mean blood pressure score, and African-Americans the highest
Lower income participants and participants with lower educational attainment tended to 
walk less for both exercise and utilitarian purposes and have higher mean blood 
pressure scores. Participants with lower educational attainment tended to have higher 
BMI.
The logistic regression models assessing distance to roadways demonstrated, overall, 
the expected correlation between greater distance from roadway and less perceived 
neighborhood noise or traffic problem. However, this effect was strongest for major roads 
and weakest for limited-access highways, which was not the predicted direction.
Table 3: Logistic Regression: 
Noise Problem















* Odds of higher problem category 
with 1 km further distance from road

















* Odds of higher problem category 
with 1 km further distance from road
Dependent Variable Causal Pathway
The results of  the adjusted regression models to establish the relationships between 
utilitarian walking, exercise walking, body mass index, and hypertension are summarized 
in tables. Utilitarian walking was not associated with either body mass index or blood 
pressure, although it was associated with exercise walking. Exercise walking was 
associated with utilitarian walking and body mass index, but not blood pressure. Body 
mass index was associated with exercise walking and blood pressure, but not utilitarian 
walking. Blood pressure was associated with body mass index, but neither walking 
variable.
Table 4: Adjusted between-
dependent variable associations
    
 Utilitarian Walking Exercise Walking Body mass index Blood Pressure
Utilitarian Walking  p<0.001 NS NS
Exercise Walking p<0.001  p<0.001 NS
Body mass index NS p<0.001  p<0.001
Blood Pressure NS NS p<0.001  
Full Models and Subgroups
The results of the neighborhood environment regression models for Utilitarian walking, 
exercise walking, body mass index and hypertension are summarized in tables 4 
through 7, respectively. Each table includes results from the overall regression model 
that included all sites as well as subgroup analyses for Chicago, Winston Salem, and 
Minneapolis.
Utilitarian Walking (Table 8)
The ordered logistic regression model for utilitarian walking compared the odds of 
participants appearing in the highest tertile of  walking versus the middle tertile of walking 
as well as comparison of the odds of being in the middle tertile versus the lower tertile of 
walking for each explanatory variable. In the full model, adjusted for demographic 
characteristics, the GIS variables did not explain additional variance once the subjective 
neighborhood descriptions were included in the model .Neighborhood noise, problem 
traffic, and the presence of a bike path in the neighborhood were all significant 
predictors. However, neighborhood noise and traffic problems had an inverse correlation 
from the hypothesized relationship: participants who reported a problem with 
neighborhood noise or that traffic was a problem in their neighborhood were more likely 
to report more utilitarian walking. As hypothesized, those who reported a bicycle path in 
their neighborhood were more likely to report higher levels of  utilitarian walking. 
Reporting sidewalks in the neighborhood did not predict a significant difference with 
reported utilitarian walking levels. 
A separate analysis of Chicago participants performed in order to examine distance to 
transit lines, bus lines, and crashes as additional predictors did show  that absolute 
number of  crashes in the buffer was a significant predictor, but, contrary to hypothesis, it 
was associated with higher levels of utilitarian walking. Crashes corrected for population 
were not significant. Separate analyses of  Winston-Salem that included crash and 
distance-to-bus data did not demonstrate that either of  these explanatory variables were 
significant. A subgroup analysis of Minneapolis data for distance-to-bus data did not 
show that distance to bus was significant. 
Exercise Walking (Table 9)
The ordered logistic regression model for exercise walking compared the odds of 
participants appearing in the highest tertile of  walking versus the middle tertile of walking 
as well as comparison of the odds of being in the middle tertile versus the lower tertile of 
walking for each explanatory variable. In the full model, adjusted for demographic 
characteristics, the reported presence of  bike paths and sidewalks both predicted higher 
levels of  exercise walking. Noise or traffic problems did not significantly predict higher or 
lower self-reported exercise. Within the GIS variables, increasing length of secondary 
roads within the 0.25 mile around participant’s home, as a well as a high proportion of 
secondary roads compared to all roads predicted higher levels of  walking for exercise. 
Greater length of limited-access roads within the 0.25 mile buffer predicted a difference 
between the highest and medium tertiles, but not the medium and lowest, predicting 
higher levels of exercise.
The separate analysis of  Chicago participants in order to examine distance to transit 
lines, bus lines, and crashes as additional did not show  that any of these significantly 
predicted walking for exercise. Separate analyses of Winston-Salem that included crash 
and distance-to-bus data did not demonstrate that either of these explanatory variables 
were significant. A subgroup analysis of  Minneapolis data for distance-to-bus data did 
not show that distance to bus was significant.
Body mass index (Table 10)
The ordinary least squares regression model for body mass index demonstrated that the 
presence of  a bike path or sidewalk in the neighborhood predicted a lower body mass 
index; self-reported neighborhood problems with traffic and noise were not significant. 
No other GIS variables were significant in the regression model.
The separate analysis of  Chicago participants in order to examine distance to transit 
lines, bus lines, and crashes as additional predictors did show  that absolute number of 
crashes in the buffer was a significant predictor, but, contrary to hypothesis, it was 
associated with lower BMI. Crashes corrected for population were not significant. 
Separate analyses of Winston-Salem that included crash and distance-to-bus data did 
not demonstrate that either of  these explanatory variables were significant. A subgroup 
analysis of  Minneapolis data for distance-to-bus data did not show  that distance to bus 
was significant.
Blood pressure (Table 11)
The logistic regression model for hypertension compared the odds of  participants 
appearing in the hypertensive group versus the normal group.  The reported presence of 
sidewalks in the neighborhood predicted normal blood pressure versus high. Bike paths, 
problems with traffic, and problems with neighborhood noise did not. Among the GIS 
variables, higher lengths of secondary roads within the buffer predicted normal blood 
pressure. However, a higher proportion of  secondary roads to all roads predicted 
hypertension.
The Chicago analysis did not show  that distance to transit lines, bus lines, and crashes 
as additional significantly predicted normal or high blood pressure. Separate analyses of 
Winston-Salem that included crash and distance-to-bus data did not demonstrate that 
either of  these explanatory variables were significant. A subgroup analysis of 
Minneapolis data for distance-to-bus data did not show  that distance to bus was 
significant. 
DISCUSSION
The opportunity to examine individual-level data describing perceived neighborhood 
characteristics as well as objective neighborhood transportation data provided results 
that both supported and countered our initial hypotheses. 
We expected neighborhood traffic and noise to predict less self-reported walking 
(particularly when associated with the attitudinal domain of assessing either as a 
neighborhood “problem”.) Decreased walking trips with traffic have been reported in the 
travel behavior literature.43 In our study both traffic and noise were associated with 
higher levels of utilitarian walking. However, a significant association between heavy 
traffic and increasing walking behavior has been previously reported.44 In other studies 
the relationship between walking and perceptions of traffic has not been significant.45 
Perception of excessive neighborhood noise as a part of a ‘neighborhood hazard score’ 
has also been previously associated with more physical activity behavior in children.46 
Potentially, those who walk more could perceive a greater problem with neighborhood 
noise and traffic due to higher exposure levels, an explanation posited by previous 
investigators.47 A lack of correlation between perceived heavy traffic and measured 
volume and speed of traffic has been previously demonstrated48 which perhaps 
substantiates a stronger relationship between traffic detection and walking than 
subjective traffic and objective data. It is notable that this association is only present for 
utilitarian walking. These may represent trips-of-necessity, in which people choose 
routes that are suboptimal for walking, but allow access to essential destinations. 
Walking for exercise may be more associated with ‘routes-of-choice’ where noise and 
traffic are not a significant problem.  
 The presence of sidewalks and bike paths in the neighborhood were the most 
consistently predictive variables across analyses. The presence of sidewalks predicted 
more walking for exercise, lower BMI, and normal blood pressure, although not utilitarian 
walking. The association with exercise walking but not utilitarian walking seems at first 
surprising, but reiterates the inconsistent associations found in the previous literature. 
The travel behavior literature (which we would consider reflective of utilitarian walking) 
and public health literature examining sidewalks as a predictor for utilitarian walking has 
shown a mixture of significant49 and insignificant50 associations. Because there is no 
completeness or connectivity data for sidewalks, only presence or absence, this may 
differentially affect utilitarian trips, where sidewalk routes must connect with utilitarian 
destinations to be useful. Objective measurement of sidewalks in relation to walking has 
demonstrated a significant correlation between total sidewalk length within a buffer and 
walking, even when destinations were accounted for.51 Exercise trips may be more 
associated with ‘routes-of-choice.’ The public health literature has demonstrated an 
association between sidewalks and physical activity in some studies52 and no 
relationship in others.53 The mechanism of the significant relationship between normal 
blood pressure and sidewalks in the neighborhood is unknown; we did not demonstrate 
that this connection functioned via an exercise-mediated pathway.
 The presence of a bike path predicted both greater utilitarian and exercise 
walking, as well as lower BMI. It is difficult to know what participants considered a “bike 
path”, as the survey question noted that such a path could be in parks as well as streets. 
While the theoretical basis for bicycle lanes providing increased walking capacity is 
weak, a multi-use trail could provide a supportive pedestrian environment. In a study of a 
multi-purpose bike path, proximity was associated with more physical activity, primarily 
walking.54 The travel behavior literature has supported the relationship between more 
walking for transport and bicycle paths in the neighborhood as well.55 Whether “bike 
path” and “trail” have the same meaning or different meanings to participants is 
unknown. It is notable that an multi-use trail intervention study did not find a change in 
adjacent-neighbor physical activity attributable to trail construction.56
Our finding of a relationship between both bike paths and sidewalks and lower 
BMI most clearly echoes the findings of Giles-Corti, et al as well as literature 
demonstrating the same effect for poor or absent sidewalks.57; our research further 
substantiates this relationship with objectively-measured body mass index. The 
relationship between environmental variables and lower BMI was substantiated in an 
ethnically-diverse population, unlike in previous literature58 although only for subjective 
environmental variables.
The general irrelevance of the GIS-derived environmental variables in predicting the 
dependent variables was surprising, although better prediction with perceived variables 
is not without precedent in the literature.59 Higher total length of secondary roads in the 
buffer had the only consistent effect, associated with both higher levels of walking for 
exercise and normal blood pressure. We hypothesized that an increased density of 
secondary roads might predict more physical activity, lower BMI, and lower blood 
pressure as a measurement of pedestrian-accessible roadway density.  However, a 
higher proportion of secondary roads to all roads in the buffer was strongly associated 
with hypertension and lower levels of walking for exercise. As closer proximity to 
secondary roads correlated well with greater perceived neighborhood problems with 
traffic and noise, it may be acting as a marker for other negative neighborhood 
environmental factors that are unmeasured in this study. It may also be the case that 
when there are fewer non-major roads in the denominator, connectivity suffers. Such 
local roads were not included in our study as a distinct class, but only within a measure 
of total road length in the buffer. Mitigating this possibility is the insignificance of network 
density (as measured by network polygon area) in any of the complete analyses. While 
connectivity has previously shown promise in predicting walking trips, such as higher 
non-work walking trips occurring with a higher percentage of the census block group 
covered by a grid street network,60 or low intersection density predicting children’s 
walking trips to school61, our measure of network area did not predicting utilitarian or 
exercise walking. As in Frank, et al., 62 measures of connectivity were not a significant 
predictor of BMI.
 Most surprisingly, a high ratio of limited-access freeways to all roads in the buffer 
strongly predicted higher levels of walking for exercise versus medium levels. The 
mechanism of relationship between secondary road density and normal blood pressure 
is unknown, but road density may act as an indicator of other unmeasured factors in this 
study, such as better access to health care. 
The relationship between road classification and physical activity has not been 
well studied previously; one study, while it did not include road classification individually, 
included road classification measures in a cluster analysis did not show a distinctive 
difference between clusters with varying levels of limited-access highway length when 
measuring physical activity in an ethnically-diverse group of adolescents, although local 
streets length was associated with higher-physical activity clusters.63 Less specifically, 
the presence of busy streets between home and a multiuse trail did not predict a 
difference in physical activity levels.64 Further study is necessary to understand whether 
TIGER road classifications are a useful typology for characterizing the relationship 
between transportation networks and physical activity.
Our inclusion of transit accessibility did not uphold a hypothesized relationship between 
walking behavior and proximity to transit lines. There is extensive travel behavior 
literature that has sought to characterize which neighborhood land use, design, and 
network characteristics influence the choice of travel mode. However, most of the 
literature considers walking and transit as discrete choices, thus the relationship 
between quantity of walking and transit is generally unmeasured65 although Cervero’s 
study of commuting in the San Francisco Bay area did show a significant relationship 
between subjectively adequate neighborhood public transit and active transport.66  Some 
literature does assess the effect of neighborhood variables on walking to transit, 
although the environmental variables are typically aggregate neighborhood measures. 67 
The public health literature has more recently sought to quantify the physical activity 
obtained through transit commuting, and found it to be substantive68 and subjective 
accessibility of transit has been studied and found to not be significant in predicting 
physical activity.69 The effect of objectively-measured neighborhood access to transit 
(measured via audit) has been shown to be associated with physical activity70 but such 
an association has not been previously studied for GIS-measured access to transit.
In our study of the effect of vehicular crashes on physical activity in a subset of 
three cities did demonstrate an association. Only total crashes in the buffer showed 
significance, predicting both higher levels of utilitarian walking and lower body mass 
index. These results were significant in the Chicago subgroup only; crash data in Forsyth 
county was not a significant predictor. However, previous study in Forsyth county 
showed the same direction of relationship for Utilitarian walking and crashes.71  Crashes 
adjusted per thousand population was not a significant predictor. It is unclear how 
objective (rather than perceived) vehicular crashes affect the decision to pursue physical 
activity. If crashes represent a proxy for unsafe road conditions, future research should 
explore whether descriptions of road or pedestrian infrastructure design, combined with 
traffic parameters, can provide a more proximal definition of an ‘unsafe roadway.’ It is 
unclear whether correcting objective crash data for population reflects an appropriate 
adjustment of the participant’s perceived threat to safety; it is likely different crash 
outcomes and media attention affect neighborhood knowledge of crashes in a more 
complex interaction than a linear relationship between number of crashes and behavior.
Strengths and Limitations
Study Design
This study, as with many studies examining the relationship between physical activity, 
health outcomes, and the built environment is significantly limited by its cross-sectional 
design. While associations between environmental characteristics, self-reported walking, 
body mass index, and blood pressure are present, no conclusions can be drawn about 
causation or the direction of association – self-selection could play a strong role in the 
association between characteristics such as sidewalks and walking for exercise. Recent 
studies have attempted to correct for this possibility by measuring and adjusting for self-
report of neighborhood selection.72 However, our cross-sectional design allowed for the 
testing of a plethora of objective and subjective environmental, demographic, and 
outcome variables, many of which would have been very difficult to test in a longitudinal 
study. The difficulty in obtaining temporally-matched, longitudinal GIS data is an ongoing 
challenge for this field.
Measures
Within our dependent variables, our physical activity data is based upon self-report 
without objective confirmation; the reported data were positively skewed, and are likely 
to lack accuracy. We have no way of determining which participants may have tended to 
report higher-than-accurate numbers versus accurate numbers and whether this 
measurement bias would have been associated with characteristics of interest, such as 
a tendency to over-report the presence of sidewalks in the neighborhood.
While we adjusted our models for a number of demographic characteristics, we did not 
have data to adjust for certain potential confounders; car ownership would help 
distinguish between those who truly have a choice of whether or not to walk versus 
walkers-by-necessity. We chose to not adjust our models for site, as important 
environmental characteristics (including our independent variables of interest) are likely 
to be a part of this domain. However, other site-associated variance, such as difference 
in assessment centers, destinations, population density, access to health care, or 
climate difference is therefore not accounted for and may remain as an unmeasured 
confounders in the final models (although most evidence does not support weather as 
an important predictor of physical activity.73 Our study was able to use objectively-
measured body mass index, and adds to the literature the first study to study a broad 
range of environmental correlates to individual risk of hypertension. 
Within our independent variables, there may be a reporting bias associated with self-
report of traffic and noise problems in the neighborhood; participants who are more 
physically active in the neighborhood may be more aware of  traffic and noise problems 
than those who are less active. Better data to correlate objective traffic counts with 
perceived traffic and noise are necessary to determine if  the relationships between 
perception, reality, and behavior are all linear. However, the positive relationship 
between distance from major roadways and lower reported traffic and noise does help 
substantiate the accuracy of the self-reported data.
We were unable to assess continuity and connectivity of the pedestrian network as 
questions addressing the presence of bike paths or sidewalks in the neighborhood did 
not address those issues, two important elements affecting usability. Given the varied 
findings regarding this infrastructure in the literature, more robust assessments of all the 
elements of the pedestrian network are necessary.
Our objective environmental variables are limited by the difficulty in obtaining complete  
and reliable environmental data that address the pertinent domains. Road classification 
data is an imperfect proxy for actual road traffic counts; however road traffic counts were 
only available for a subset of roadways and were not temporally consistent, and thus not 
utilized in this study. Objective, GIS derived sidewalk and bicycle path data were 
similarly unavailable. Data for transit, bus service and vehicular crashes was only 
available for a subset of cities, diminishing the power of those analyses. In addition, our 
transit data were only measured via straight-line distance to the transit route, not 
network distance.
Our study addresses only transportation-related characteristics of the environment. 
Previous research has established the important role that environmental attributes such 
as land-use characteristics, density, destinations, and safety play in predicting physical 
activity. It is possible that some of our significant transportation-network findings, such as 




Our results confirm the salience of elements of the neighborhood transportation 
environment in predicting neighborhood walking, body mass index, and hypertension. 
This study demonstrates that these transportation infrastructure elements also have 
relevance to an older, multiethnic cohort. The findings of association between these 
neighborhood elements and blood pressure suggest that further study is necessary to 
elucidate how this relationship might function.
While causative relationships cannot be derived from our study, these findings reinforce 
the relevance of increasing economic investment in the pedestrian infrastructure to a 
level more commensurate to its societal benefit. Attention to mapping the extent, 
characteristics, and level-of-service of  the pedestrian infrastructure equal to that devoted 
to the automobile infrastructure would help to target investment and provide the level of 
data necessary for more robust research. While issues of sidewalk or bike path 
construction remain the purvey of public works departments in many cities, planners and 
local public health officials should recognize the importance of such issues as preventive 
medicine and protection of the public interest.
While transportation officials often pursue policy focused on increasing capacity 
of relatively few  roadways, this research and other literature suggests that, for the 
pedestrian, the density of roadways present in a small area predicts the health of the 
public. Understanding the most relevant measures of roadway density and connectivity, 
and whether road classification is a relevant schema for such study, is an ongoing 
challenge for researchers.
Table 5: Independent and Dependent Variables
Variable Type Subjective/Objective Source
Independent Variables
AgeContinuous Objective MESA clinic visit
GenderDichotomous Objective MESA clinic visit
EthnicityCategorical Objective MESA clinic visit
IncomeCategorical – 4 levels Subjective MESA clinic visit
EducationCategorical – 4 levels Subjective MESA clinic visit
Presence of sidewalk in 
neighborhood
Dichotomous Subjective MESA – Neighborhood 
Activities Questionnaire
Presence of Bike Path in 
Neighborhood (street or 
park)
Dichotomous Subjective MESA – Neighborhood 
Activities Questionnaire
Traffic is a problem in 
neighborhood
Dichotomous Subjective Derived from questions 




Noise is a problem in 
neighborhood
Dichotomous Subjective Derived from questions 




Distance to Limited 
Access Highway
Continuous Objective GIS – within 0.25 mile buffer
Distance to U.S. (not 
limited-access) highway
Continuous Objective GIS – within 0.25 mile buffer
Distance to Major Road/
Other Highway
Continuous Objective GIS – within 0.25 mile buffer
Distance to Limited 
Access On-Ramp
Continuous Objective GIS – within 0.25 mile buffer
Total length Limited 
Access Highway in buffer
Continuous Objective GIS – within 0.25 mile buffer
Total Length U.S. (not 
limited-access) highway 
in buffer
Continuous Objective GIS – within 0.25 mile buffer
Total Length Major Road/
Other Highway in Buffer
Continuous Objective GIS – within 0.25 mile buffer
Total length Limited 
Access On-Ramps in 
buffer
Continuous Objective GIS – within 0.25 mile buffer
Proportion of Limited 
Access Highway length 
to length of all roads in 
buffer
Continuous Objective GIS – within 0.25 mile buffer
Proportion of U.S. (not 
limited-access) highway 
length to length of all 
roads in buffer
Continuous Objective GIS – within 0.25 mile buffer
Proportion of Major 
Road/Other Highway 
length to length of all 
roads in buffer
Continuous Objective GIS – within 0.25 mile buffer
Proportion of Limited 
Access On-Ramp length 
to length of all roads in 
buffer
Continuous Objective GIS – within 0.25 mile buffer
Size of polygon formed 
by 0.25 mile network 
distance travel from 
origin (house)
Continuous Objective GIS – within 0.25 mile buffer
Straight-line distance to 
bus line
Continuous Objective GIS – within 0.25 mile buffer
Straight-line distance to 
METRA line
Continuous Objective GIS – within 0.25 mile buffer
Straight-line distance to 
CTA line
Continuous Objective GIS – within 0.25 mile buffer
Total vehicular crashes 
in buffer
Continuous Objective GIS – within 0.25 mile buffer
Vehicular crashes in 
buffer adjusted for total 
population in buffer
Continuous Objective GIS – within 0.25 mile buffer
Dependent Variables
Utilitarian WalkingOrdinal – 3 categories Subjective MESA Neighborhood 
Questionnaire – Total 
minutes/week divided into 
tertiles for this study
Exercise WalkingOrdinal – 3 categories Subjective MESA Neighborhood 
Questionnaire – Total 
minutes/week divided into 
tertiles for this study
Body Mass IndexContinuous Objective MESA clinic visit
Blood PressureDichotomous Objective MESA clinic visit – 
categorized into 5 levels by 
JNC VI criteria, 
dichotomized to normal or 
elevated for this study
Table 6: Demographic Characteristics of Sample, by site.
N=5547 Forsyth 
(WFU)










Number 800 913 854 904 1020 1056
Median Age 61 61 64 59 62 63
Mean Age 61.7 61.5 62.7 60 61.8 62.2
Percent Male 47.5 44.4 47.8 51.1 47.4 51.5
Race/Ethnicity       
%White 60.1% 20.4% 49.8% 58.4% 48.2% 10.7%
%Asian 0.0% 0.2% 0.0% 0.0% 26.4% 36.9%
%Black 39.6% 33.4% 50.2% 0.0% 25.4% 11.9%
%Latino 0.3% 46.0% 0.0% 41.6% 0.0% 40.4%
Income (HH)       
Less than 
$20,000
12.5% 25.0% 17.5% 21.0% 12.8% 39%
$20,000-$39,999 22.6% 34.6% 26.4% 31.6% 15.1% 30.2%
$40,000-$74,999 35.6% 26.2% 32.4% 31.9% 25.5% 16.5%
$75,000 or more 29.2% 14.2% 23.8% 15.5% 46.7% 14.1%
Education       
Less than High 
School
5.6% 23.9% 10.1% 16.5% 6.8% 30.0%
High School/GED 22.4% 20.2% 19.3% 22.0% 7.6% 18.7%
Post H.S. 53.6% 39.5% 49.4% 50.3% 48.3% 41.9%
Graduate School 18.4% 16.4% 21.2% 11.2% 37.4% 9.5%
BMI       
Min - Max 17.4 - 48.4 15.9 - 54.5 16.2 - 50.2 18.3 - 50.4 15.4 - 51.1 16.1 - 52.5
Mean BMI 28.7 28.9 29.4 29.3 26.7 27.1
Median BMI 28.1 28.1 28.6 28.7 25.8 26.4
Util. Walking       
Mean/Wk 292 397.7 321.6 249.6 337.9 207
Median / Wk 120 210 150 120 210 105
Ex. Walking       
Mean/wk 185.4 276.5 215.7 189 225.9 153.1
Median/wk 90 150 90 90 120 60
HTN stage       
I 28.1% 47.2% 38.6% 53.1% 47.6% 42.9%
II 21.8% 17.6% 18.7% 15.9% 15.3% 15.1%
III 18.4% 13.5% 16.6% 13.4% 16.7% 14.4%
V 7.1% 3.7% 3.8% 3.3% 4.0% 6.3%
VI 2.4% 1.2% 1.4% 1.2% 1.6% 1.6%
Table 7: Dependent Variables by Demographic Characteristics.





           (Minutes)       (Minutes) Score
 Range Mean Median Mean Median Mean Median Mean
Age         
45-54 16.1-27.7 28.6 27.7 315.6 180 175.8 75 1.72
55-64 16.9-28.0 28.7 28.0 307.2 180 213.4 90 2.22
65-74 15.4-27.4 28.0 27.4 280.0 150 225.6 120 2.64
75-84 15.9-26.5 27.0 26.5 287.6 120 227.1 135 2.91
Gender         
M 15.9-46.9 27.9 27.5 279.6 135 204.8 90 2.27
F 15.4-54.5 28.7 27.6 317.9 180 210.2 90 2.29
Ethnicity         
White 16.9-40.0 27.7 27.0 316.6 210 217.6 120 2.11
Asian 15.4-43.7 24.1 23.8 212.2 105 154.7 60 2.19
Black 15.9-54.5 30.1 29.3 341.8 180 226.5 90 2.56
Latino 17.6-52.5 29.4 28.6 265.3 105 195.0 90 2.31
Income         
Less than 
$20,000 15.9-27.5 28.1 27.5 243.2 105 183.7 90 2.56
$20,000-
$39,999 16.9-28.1 28.8 28.1 321.2 150 218.0 90 2.40
$40,000-
$74,999 16.8-27.8 28.6 27.8 325.9 180 211.2 90 2.21
$75,000 or 
more 15.4-26.8 27.4 26.8 296.1 210 213.1 120 1.97
Education         
Less than High 
School
15.4-28.0 28.5 28.0 230.3 105 179.6 60 2.57
High School/
GED 17.7-28.0 28.8 28.0 306.4 150 191.6 60 2.46
College 15.9-27.6 28.4 27.6 322.7 180 224.5 105 2.19
Graduate 
School 17.9-26.4 27.3 26.4 293.1 210 203.7 120 2.08
Table 8: Utilitarian 
Walking
 
       
 All Sites Chicago Only Forsyth Only Minneapolis Only



















1.33       
(1.18,1.49) 
p<0.001
1.33     
(1.18,1.49) 
p<0.001
NS NS NS NS NS NS
Noise
1.28     
(1.13, 1.45) 
p<0.001









NS NS NS NS
Bike Path 1.27    (1.14, 1.41)
1.27    
(1.14, 1.41) NS NS NS NS NS NS




Class)         
Limited 
Access NS NS NS NS NS NS NS NS
Highway NS NS NS NS NS NS NS NS
Secondary NS NS NS NS NS NS NS NS
On-Ramp NS NS NS NS NS NS NS NS








NS NS NS NS NS NS NS NS
Highway/
Total NS NS NS NS NS NS NS NS
Secondary/
Total NS NS NS NS NS NS NS NS
On-Ramp/
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Highway NS NS NS NS NS NS NS NS
Secondary NS NS NS NS NS NS NS NS
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NS NS NS NS NS NS NS NS
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to Bus
  NS NS NS NS NS NS
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to CTA
  NS NS     
Kilometers 
to METRA















  NS NS NS NS   
Table 9: Exercise Walking
 All Sites Chicago Only Forsyth Only Minneapolis Only


















Traffic NS NS NS NS NS NS NS NS
Noise NS NS NS NS NS NS NS NS
Bike Path
1.30  (1.17, 
1.45) 
p<0.001
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 Kilometer 
to Bus   
NS NS NS NS NS NS
Kilometers 
to CTA   
NS NS     
Kilometers 
to METRA   
NS NS     
Crashes in 
Buffer   




population   
NS NS NS NS   
Table 10: Body Mass Index
 All Sites Chicago Only Forsyth Only
Minneapolis 
Only
 Coefficient of Coefficient of Coefficient of Coefficient of
 change in BMI change in BMI change in BMI change in BMI
     
Traffic NS NS NS NS
Noise NS NS NS NS
Bike Path -0.39 (-0.68, 






Road Length in 
Buffer (by Class)     
Limited Access NS NS NS NS
Highway NS NS NS NS
Secondary NS NS NS NS
On-Ramp NS NS NS NS
All roads NS NS NS NS
Ratio of Road 
Class to All 
Roads    
Limited Access/
Total NS NS NS NS
Highway/Total NS NS NS NS
Secondary/Total
NS 3.9 (1.49, 6.31) p=0.002 NS NS
On-Ramp/Total NS NS NS NS
Straight-Line 
Distance to Road 
Class    
Limited Access NS NS NS NS
Highway NS NS NS NS
Secondary NS NS NS NS
On-Ramp NS NS NS NS
Network Area NS NS NS NS
Network Area/
Buffer Area
NS NS NS NS




NS   
Kilometers to 
METRA  









NS NS  
Table 11: Blood Pressure
 All Sites Chicago Only Forsyth Only Minneapolis
 Normal (0) v. Normal (0) v. Normal (0) v. Normal (0) v.
 Elevated (1) Elevated (1) Elevated (1) Elevated (1)
Traffic NS NS NS NS
Noise NS NS NS NS
Bike Path NS NS NS 0.67 (0.45, 0.98) p=0.039
Sidewalk
0.74 (0.62, 0.87) 
p<0.001 NS NS NS
Road Length in 
Buffer (by Class)     
Limited Access NS NS NS NS
Highway NS NS NS NS
Secondary
0.83 (0.75, 0.90) 
p<0.001 NS NS NS
On-Ramp NS NS NS NS
All roads NS NS NS NS
Ratio of Road 
Class Length to 
All Road Length    
Limited Access/
Total NS NS NS NS
Highway/Total NS NS NS NS
Secondary/Total
2.98 (1.37, 6.52) 
p=0.006 NS NS NS
On-Ramp/Total NS NS NS NS
Straight-Line 
Distance to Road 
Class    
Limited Access NS NS NS NS
Highway NS NS NS NS
Secondary NS NS NS NS
On-Ramp NS NS NS NS
Network Area
NS 25.1 (2.5, 254.5) p=0.006 NS NS
Network Area/
Buffer Area
NS NS NS NS




NS   
Kilometers to 
METRA  
NS   
Crashes in Buffer  
NS NS  
Crashes in Buffer  
per 1000 
population  
NS NS  
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